It is becoming increasingly evident that the freely diffusible second messenger cAMP can transduce specific responses by localized signalling. The machinery that underpins compartmentalized cAMP signalling is only now becoming appreciated. Adenylate cyclases, the enzymes that synthesize cAMP, are localized at discrete parts of the plasma membrane, and phosphodiesterases, the enzymes that degrade cAMP, can be targeted to selected subcellular compartments. A-kinase-anchoring proteins then serve to anchor PKA (protein kinase A) close to specific targets, resulting in selective activation. The specific activation of such individual subsets of PKA requires that cAMP is made available in discrete compartments. In this presentation, the molecular and structural mechanisms responsible for compartmentalized PKA signalling and restricted diffusion of cAMP will be discussed.
Spatially confined signalling domains confer specificity on PKA signalling
The pleiotropic effects of cAMP pose the pressing question of how signalling specificity is achieved. Indeed, it is difficult to reconcile the activity of a large variety of extracellular receptors all acting through the generation of a unique intracellular messenger with their ability to relay a specific message inside the cell and to produce a distinctive and appropriate cellular response. In the past few years, compartmentalization of the cAMP signal transduction pathway has emerged as an important mechanism to ensure the necessary specificity of response [7] . A particular focus has been placed on the organization of macromolecular complexes that effectively organize proteins of the cAMP signalling pathway in restricted domains. Such domains include receptors, effectors, modulators and targets, thereby increasing the probability that the molecular components of the complex only affect each other appropriately. An elegant example of this concept is the assembly at the plasma membrane of a signalling complex including the β 2 -adrenergic receptor, heterotrimeric Gproteins, the enzyme AC (adenylate cyclase) that synthesizes cAMP, PKA and its target, the L-type Ca 2+ channel Ca v 1.2 [8] . Within the complex, activation of the receptor leads to the synthesis of cAMP and activation of PKA, which in turn can regulate the activity of the channel in a highly localized manner.
A pivotal role in the organization of PKA intracellular signalling domains is played by a family of functionally related proteins known as AKAPs (A-kinase-anchoring proteins) [9] . AKAPs function as adaptor proteins capable of anchoring PKA to distinct subcellular locations (e.g. plasma membrane, nucleus, cytoskeleton and mitochondria) in close proximity to PKA-specific targets, and a large body of evidence demonstrates that AKAP-directed compartmentalization of PKA is essential for efficient phosphorylation of its substrates [10] [11] [12] [13] . In addition to anchoring PKA, AKAPs interact with other signalling proteins, including phosphatases and PDEs (phosphodiesterases), the enzymes that can degrade cAMP. The resulting multienzyme complexes, therefore, define restricted signalling domains, the activity of which is regulated locally by rapid and specific delivery of the signal to the appropriate target followed by local termination of the signal.
cAMP: freely diffusible or diffusion-restricted?
Confinement of AKAP/PKA signalling complexes close to specific PKA targets, however, is not sufficient to explain specificity of response. cAMP is a small, highly hydrophilic second messenger. Unlike Ca 2+ , whose apparent diffusion in the cytosol is limited due to the elevated buffering capacity of cytosolic proteins [14, 15] , cAMP shows a diffusion constant in the range of 270-780 µm 2 /s [16, 17] . This means that diffusion of cAMP in the cytosol can be as fast as in a simple electrolyte solution, giving cAMP equivalent access to all cellular compartments. Based on these observations, cAMP has been traditionally regarded as a long-range messenger, capable of diffusing long distances and relaying information to remote sites [18] . Although this may well be the case in some circumstances, as for example with the long-term sensitization of the Aplysia gill-withdrawal reflex in which cAMP seems to diffuse from axons and dendrites to the soma to trigger protein synthesis [19] , the concept of freely diffusing cAMP contrasts with the model of compartmentalization of PKA signalling. Indeed, if cAMP can freely and rapidly diffuse in the cytosol, it will fill the entire cell and will non-selectively activate all PKA enzymes, thus overcoming any advantage of having subsets of PKA localized in proximity to specific receptors and targets.
The paradox of a signalling pathway organized in spatially segregated transduction units but activated by an apparently freely diffusible second messenger has been solved in recent years with the finding that cAMP diffusion is indeed restricted. The hypothesis of separate pools of cAMP within the same cell was actually formulated several years ago on the basis of experimental data showing that the particulate and the soluble fractions of PKA obtained from cardiac myocytes were differently affected by the cAMP-raising hormone prostaglandin [20] . Thanks to the development of new tools for direct monitoring of cAMP in single living cells [21, 22] , it became possible to directly test this hypothesis. In particular, fluorescence resonance energy transfer-based imaging approaches allowing detection of cAMP with submicrometre spatial resolution [23] provided the first direct visualization of discrete microdomains of cAMP in cardiac myocytes in response to β-adrenergic receptor stimulation [24] . Such microdomains appeared to be as small as 1 µm and were found to activate a selected pool of AKAP-anchored PKA enzymes. More indirect evidence in support of local control and restricted diffusion of cAMP is quite substantial [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , and the notion of cAMP acting within distinct subcellular domains rather than uniformly and everywhere is now well accepted [7, 9] .
Mechanisms for cAMP compartmentalization
Much remains to be understood of the mechanisms that regulate compartmentalization of cAMP. In one study [35] , evidence was provided that cAMP is generated in a restricted domain near the surface of the plasma membrane, and therefore close to its site of synthesis by AC. According to the model of compartmentalized PKA signalling, such a local pool of cAMP would serve to activate PKA anchored in proximity to its plasma membrane targets. Rich et al. [35] noted that simple diffusion of cAMP cannot account for local activation of PKA, even if it is close to the AC. They reasoned that, assuming a maximal catalytic rate of 3×10 −6 cm 2 /s for the cyclase, if diffusion is unrestricted, cAMP concentration will not exceed 5 nM in a distance of 10 nm from the catalytic site of AC. The size of AC can be estimated to be in the range of 5 nm and therefore it is very unlikely that the cAMP-binding sites of PKA are closer than 10 nm from the catalytic site of AC. Considering that half-maximal activation of the various PKA isoforms is usually observed with a cAMP concentration in the range of 100 nM, sub-plasma membrane PKA would be activated only when the entire cell is filled with cAMP, with the concomitant activation of every PKA molecule in the cell [35] . To explain the sub-plasma membrane pool of cAMP, Rich et al. [35] hypothesized that elements of the endoplasmic reticulum might be localized underneath the plasma membrane, thereby limiting cAMP diffusion to the cytosol. An alternative hypothesis is that AC and PKA might be arranged in such a way that cAMP directly shifts from the AC to PKA by molecular mechanisms such as electrostatic channelling [36] , thereby dramatically increasing the likelihood that newly synthesized cAMP binds to PKA.
Undoubtedly, another important mechanism contributing to cAMP compartmentalization is mediated by the activity of PDEs, as pointed out by a large body of evidence [24, 27, 29, 30, 37, 38] . The cAMP microdomains imaged in cardiac myocytes in response to catecholamines were completely abolished in the presence of PDE inhibitors and led to activation of PKA throughout the cell [24] , suggesting a key role for these enzymes in shaping intracellular gradients of cAMP. Several features of PDEs support their role in cAMP compartmentalization. The PDE superfamily consists of approx. 40 different isoenzymes differing in their regulatory and kinetic properties. Importantly, the kinetics of cAMP degradation by PDEs appears to be much faster than the speed of cAMP synthesis in intact cells [29, 39] . In addition, PDEs can be targeted to subcellular compartments, including the plasma membrane, and can be recruited into multiprotein signalling complexes [40] , thereby providing a means to terminate the cAMP signal in a spatially restricted manner [41] . Moreover, it has been shown that compartmentalized PDEs can be functionally coupled with individual receptors, leading to the control of local levels of cAMP in a stimulusspecific manner [29] . Such features strongly support a role for PDEs as an enzymatic barrier to cAMP diffusion [25, 42] .
The concept of a barrier, however, be it physical or enzymatic, does not seem to fully satisfy the requirements for specific activation of compartmentalized PKA. In fact, a barrier to cAMP diffusion would invariably establish a gradient of cAMP from the site of synthesis to the deep cytosol, with a higher concentration at the plasma membrane and progressively lower concentration away from the membrane. As a result, PKA pools localized at the plasma membrane would be preferentially activated as compared with PKA pools anchored deep inside the cytosol. In such a scenario, it is difficult to envisage how selective activation of PKA localized deep inside the cell might occur without concurrent activation of PKA at the plasma membrane. An alternative view, that would better explain specific activation of different PKA subsets irrespective of their distance from the site of cAMP synthesis, features a freely diffusing cAMP, the concentration of which can reach effective levels for PKA activation, except in those domains in which localized PDEs degrade cAMP and effectively act as drains for the second messenger. In this model, rather than acting as barriers to cAMP diffusion from the site of synthesis, PDEs quench cAMP in defined compartments to protect sensitive targets from inappropriate activation. In this respect, the functional diversity of PDE isoenzymes provides the necessary flexibility to orchestrate cAMP signalling in response to specific cellular and environmental requirements, and PDE activity appears to qualify as a more general mechanism for local control of cAMP diffusion as compared with physical restriction or molecular channelling. 
